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Abstract

From May of 1988 to August 1990 as part of the SYNOP fieid programi tw, xve taji

moorings measured the Gulf Stream's temperature and %elocIty fies at :ommai ,-pt hs ,f

400 m. 700 m. 1000 m. and 3500 m. Although stiff. high-performance moorings wert ,4,ed

to maintain the top current meters at approximately 400 in below thý -urfao, WuijO i

above the sea floor), the jet's drag caused the moorings to make %ertical excurbion.,

Therefore. the current meter data were corrected to constant horizons using a ri,•>i'0-

version of Hogg's (1991) mooring motion correction scheme An important ext1-nston 4f

Hogg's (1991) method is the inclusion of a weighted interpolation of the measured temper-

atures. This modification assures that as the current meter measurements ipproach the

respective nominal depths. the corrected temperature and velocity outputs smoothly ap-

proach the measurements: i.e. the compensated u t, T records are truer to the measured

records.

This report documents the mooring motion correction of the SYNOP Central Array

temperature and velocity data.
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1 Introduction

In the region between Cape Hatteras and the (;rand Banks. the Guif St ra:i i a troIu, a:•l

coherent jet with instantaneous speeds of up to 2 m s-1 near the surface ai ol i,) to 02 :t;

near the bottom. As the Gulf Stream flows M deep water near G8°\. tho ;et -xporieric- :.arCe

amplitude meanders. often forming and interacting with rings. SYNOP SYNopr!c Ocian

Prediction) is a multi-investigator research project, involving modelers, theoreticlaný,. aud .,b-

servationalists. whose goals are to understand and model the dynamics governing tho (;iuif

Stream meandering.

The SYNOP field program consisted of three arrays: an Inlet Array near Cape Hatteras. a

Central Array near 6S0W. and an Eastern Array just west of the Grand Banks near 55°W. The

focus of this report is the Central Array. consisting of twelve tall. high-performance moorings

which measured the Gulf Stream's temperature and velocity fields at nominal depths of 400

m, 700 m. 1000 m and 3500 m. In addition, Acoustic Doppler Current Profilers (ADCPs)

were placed atop three of the moorings (12. H3. and H4). Inverted echo sounders i IESst with

pressure sensors were placed near the base of each current meter mooring. The IES. ADCP and

current meter sites in the Central Array are shown in Figure 1. Although most moorings had

two deployment periods between May 1988 and August 1990. four of the tall moorings were in

place for the full two-year period. During the second year. an additional thirteenth mooring.

M13. was deployed. The current meter measurements are documented in Shay et al., 1993.

Although fairing on the mooring wire and extra flotation were used to keep the moorings

taut and maintain the top current meters at depths of approximately 400 m below the surface

(-, 4000 m above the sea floor), the jet's drag caused the upper 1000 m of the moorings to make

vertical excursions. Therefore, the current meter data was corrected to constant horizons using

Hogg's (1991) mooring motion correction scheme. This report documents the mooring mot ion

correction of the SYNOP Central Array's temperature and velocity data.

In the next section, Hogg's (1991) method will be briefly reviewed. In our application of

Hogg's method, we made a slight modification to the temperature correction. This modification

and the specific steps involved in correcting the SYNOP Central Array data set are discussed

in Section 3. Extensive tests of the corrections are discussed in Section 4. Sections 5 and 6

show how we estimated the errors in the corrected temperature and velocity fields. Section 7
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Figure 1: The SYNOP Central Array, centered near 38N/S'N,
is composed of twenty four IESs (boxes) and
thirteen tall current meter moorings (x's).
The IES at the case of each tall current me,:er
moorings has a pressure sensor. Sites i2, h3,
and h4 also have A:CPs (circles) atop the t>"
moorings.
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discusses some useful byproducts of the mooring motion scheme. including the p.1(II, -lE i:;d

computation of the Brunt-Vaisala frequency.

2 Hogg (1991) Mooring Motion Correction Scheme

Hogg's i 1991 mooring motion correction scheme assumes that all isotherms art- parallel

in a Gulf Stream cross-section. This is equivalent to assuming that the vertical prohile of

temperature has a 'canonical shape' at all times and locations: the profile is only shifted up

and down as the Gulf Stream shifts back and forth across the mooring. The functional form

used to describe the canonical tcmperature profile is a Nth order polynomial of the form:

T(z.p.t) = F(p.. 1(x.tN-p) I)
N

F(P,,f - p) = 120C Cn (PeI - P), (2)

The coefficients of the polynomial, cr,. are determined by performing a least-squares regression

on the observed (T.p) data.

Once the coefficients have been determined, the canonical profile is shifted to fit the (T.p)

measurements on a given mooring, yielding a time series of p~,, for that site. If the mooring

consists of more than one current meter. the (T. p) pairs are regressed on the canonical profile to

determine the optimal Prey. Subsequently, the corrected temperatures at the desired pressure

levels are obtained simply by

Tcor(pnom) = F(p,•e(x.t)-Pnom,). (31

To correct the current meter velocity measurements for mooring motion, the velocity is

interpolated using temperature. The first step is to use the rotation matrix. R. to rotate the

velocity components from east-north coordinates to stream-coordinates. After correcting for

mooring motion, the velocities are rotated back.

[v,ý. t ' = R [,., , 4)

[U1,ti =) RT(R [.iz ij-]') 5

=RT V'j. v1 jj), (6)

:3



where
s',4 •in# 0

-ýSlnd coso

and 8 = atn(( ca - cl)/( u,, - ul)). Note that R RT equals the identity matrix.

Assuming thermal wind and a well defined T-S relationship. the vertical chanue 1:. the

velocity can be related to the cross-stream temperature gradient. In stream coordinator. where

the downstream (or shear) component of velocity is v, ý. we obtain

0 L, go t)T
Op f On

- g p~ f 9F '9)

f 8 n ap

where a is the effective thermal coefficient of expansion. f is the Coriolis parameter and g is

gravity. By integrating with respect to pressure. it can be shown that the change in velocity is

proportional to the change in temperatu'-e:

Pt 0 v,,0t = P1 - go Op'f 0F pp (10)

PUip P f 8n iOp

P'(p -, =T(pt) - r(p()].p1 )
_(_)- -p,) = f 9n

where the subscripts u and I refer to upper and lower depths. Thus,

v,(Pnom, )- u,(pl) _ U,(PL) - L'(Pu)
T(p,,o,) - T(pt) T(pj) - T(p,)

Or. t's(pnom) - ',(p)- L',(Pu) [T(p.om ) - T(pi)] + r,(p1) 113)
T(pi) T(p,)

= n[T(pom,,) - T(pt)] + v,(pj) 14)

The cross-stream component of the velocity t'" must then be added to the corrected shear

component VU(Pnm) to obtain the corrected velocity vector. Ucor:

Ucor = U3(Pnom)S + Vn h (II)

If the vertical shear is purely due to thermal wind, then m in Equation 4 is constant

throughout the water column (for a given time) and the choice of levels u and I is arbitrary.

However. it is advantageous to use the two current meters that are nearest in temperature to

the corrected temperature: In the event that the measured temperature equals the corrected

temperature. the corrected velocity will equal the measured velocity.

4



It should be noted however, that in Ifogg's correction ;cheme this sarne principle does rot

apply to the temperature correction. In the event that the current meter is at !he :nornriai

pressure, the corrected temperature. obtained from the canonical profile. i, not theCe~5arii' he

measured temperature. .-ks described Mi the next section, In our application ,i- tu g corrc' ron

scheme to the SYNOP (entral Arrav data. we modified the remperatur, correction pro,'4d•ire

to require that Tl,0pn,,rn ) = T;, when p = p,,,.,.

3 Application to the SYNOP data

3.1 The SYNOP Central Array measurements

Typically, the vertical excursions of the SYNOP current mete, moorings were on the order

of 50 meters. Occasionally though. the excursions were larger. For example, one large excursion

taken by mooring H6 exceeded .550 m.

The moorings were designed to have their upper 1000 meters remain essentially vertical at

all times. Additionally. fairing was installed on the wire between the three top current meters

to improve the performance. Table 1 summarizes the conditions of the fairing upon recovery.

As noted in that table, fish nets were tangled on some moorings. However, the nets were always

near the bottom current meter and therefore did not significantly affect the mooring motion.

For most moorings, the typical pressure differences between the level 1 and level 2 current

meters were :3060 kPa (303 ml ). Between level I and level 3 the typical delta pressures were

2.02x3060 kPa (612 m). However, due to differences in flow conditions (e.g. strong. moderate.

or weak currents) and differences in the buoyancy and drag (fairing) of each mooring. the

actual delta pressures vary from mooring to mooring. Table 2 lists the differences between the

measured pressures by the current meters at levels I and 2 (and between levels I and 3 where

available). First order statistics on the vertical excursion of each mooring are also given in

Table 2.

Each of the three moorings prepared by the University of Miami (H3. H4, and 12) had an

ADCP, with pressure and temperature sensors, mounted 12 mi above the top current meter

(Figure 2). The ADCPs measured the velocities throughout the upper 400 m of the water

column. To reduce noise. the velocities are averaged within 9 m bins. As shown in Figure 2.

'Note that I m = 1.01 db = 10.1 kPa.
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Table 1. Comments on Condition of Moorings
from Recovery Logbooks

The upper three current meters on each mooring were separated by WO ii pier, '-If
wire. These two sections are designated as LI and L2. Fairing. in " ft lnvk-.
was installed on both the L1 and L2 wire lengths.

YEAR 1

G2 Two 2-3 ft pieces of fairing were stuck on LI.

G3 OK

H3 Eight 5 ft pieces of fairing jammed on LI.

H4 Three or four 1-5 ft pieces of fairing jammed on LI.

H5 Some pieces of fairing were jammed on both LI and L2.

12 Two 5 ft pieces of fairing jammed on L1.

I3 OK

14 OK

YEAR 2

G2 One piece fairing not spinning freely. One piece of fairing is jammed.

G3 Damaged fairing: about 10 pieces were broken, cut, or jammed.

H2 Two pieces of fairing on Li and two pieces on L2 were cocked.

H3 The pieces of fairing on LI was jammed together, but were spinning freely.
8 glass balls (above bottom VACM) were tangled in Im by 6m fishnet I
glass ball imploded at bottom.

H4 2 m of jammed fairing on LI. Snagged net at the connection between the
two 500m sections above bottom VACM (2000m below the level 3 current
meter).

H5 One piece of jammed fairing.

H6 6 m of fish net were tangled somewhere between 200-700 m above bottom
VACM. 1 glass ball imploded (3rd from bottom).

II Three pieces of fairing were jammed and cocked on LI. About 20% of fairing

was cocked, but this probably happened on recovery.

12 10 m of fairing jammed together, but these were spinning freely.

13 OK

14 OK

15 OK

MI3 Two pieces of jammed fairing. Two of 16 glass balls imploded near bottom.

6



Table 2. Current Meter Pressure Statistics

First order statistics of the level I current meter pressures in hie S'NNOP (Cenrrai Ar-a4 ,-re
listed. Also tabulated are the means and the standard deviations of he pressurp Ifr,.',
between the level I and levels 2 and 3 sensors. The pressure sensors. at nominal d.lpth•
of 400 m. 700 m. and 1000 tn. are respectively denoted as PImeas. P2rneas. an.i P3.nead.
Pressures are expressed in units of 1000 kPa (or 100 db). The symbol "'NA' iiidical;,s no
data.

YEAR 1

1 P2meas - PImeas P3meas- PImeas Pimeas

Sitei! Meani Std Mean Std .Mean Nfir Max •d
G2 3.043 0.039 NA N A 3.572 3.200 4.663 1).371
G31 NAA NA NA I NA 4.052 3.470 j5.116 0.44
H31 3.131 0.008 6.401 0.014 3.239 3.226 3.695 0.06.*
H4, 3.044 0.035 6.221 0.08.5 3.989 3.483 5.464 0.163
H.51 NA NA N A NA 3.846 3.336 6.414 0.609
12 3.207 0.014 NA NA 3.389 3.363 3.6.54 0.042
13 NA NA NA NA 3.755 3.176 5.956 0.481

14 3-08.5 0.028 NA NA 3.743 3.188 5.409 0.507

YEAR 2

IP2meas - PImeas P3meas - Plmeas Plmeas
Sitedj MIean Std Mean Std Mean Min \ Max Std
G2 NA NA NA NA 3.845 3.396 5.319 0.408•
G3 NA NA NA NA 3.957 3.547 6.023 0.460
H2 3.077 0.003 NA NA 3.720 3.664 4.602 0.112
H3 3.122 0.050 NA NA 3.360 3.127 4.656 0.291
H4 3.009 0.018 NA NA 3.890 3.547 5.669 0.351
116 NA NA N A N A 4.470 3.663 9.676 1.2416

11 3.093 0.004 NA NA 3.775 3.723 4.584 0.107
12 1! NA NA NA NA NA NA NA NA
13 3.046 0.038 6.250 0.079 3.599 3.136 -5.304 0.567
14 3.025 0.120 6.237 0.082 3.737 3.171 6.847 0,668
I5 3.101 0.012 NA NA 4.301 3.627 8,373 0.936

NIlA 3.081 0.049 NA NA 3.654 3.157 6.167 0.496

NOTE: For site 14 during Year 2, the standard deviation between levels 1 and 2 is greater
than that between levels 1 and 3 du- to a drift in the level 2 sensor. However this drift is of no
consequence hecause the observed level 2 pressures are not used in the mooring motion correction.

I7
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Figure 2: Schematic diagram of a tall current meter mooring.
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the Bin I velocities are located 1) ni above the AD(.P it-if and 21 '11b alb %, ,

meter. Thus the ADCPs provided redundancy in MTh, top le vel mea' u rmonle

Appendix A compares the temperatures measured by the AD('Ps and tie ppre,,r w.ojrr~nt

meters at four sites. For two of the sites. HI.YR2 and I2.YR2. there Js good ,ornc0 0)!,,n

the measurenien ts. This was not the case for two other it es. 113 _R I and if -Y.R If H% or

the differences are not surprising because thie accuracy of the AD( P rtenpmerat Iro : t'm,.t-'n'

is not as good as that of the current meters. Thus, the ADCP temnperaturef \,t , t -ro,

the mooring motion correction procedures except where the temperature sen-ors on *, ,,-

current meters failed.

On the other hand. the ADCP pressure measurements could be validated by acoustic track-

ing (B. Johns. pers. comm.) and were deemed to be more trustworthy than the current meter

pressures. Thus the ADCP pressures were used whenever possible. First order statistics of the

ADCP pressures are reported in Table 3 together with the mean pressure differences between

the ADCP and the upper two current meters. Taking into account the wire lengths and moor-

ing design. it was shown that there was a 6 db discrepancy between pressures measured by the

ADCP and those of the top level current meters on all three Miami moorings. Comparisons

with the acoustic tracking depths revealed that the current meter pressures were too large , most

likely caused by Miami pressure calibration errors). Therefore, the ADCP pressures were used

for the mooring motion correction with data gaps filled by the current meter pressures after

subtracting the 6 db bias.

In order to correct the velocities and temperatures for mooring motion, the pre'ýssure of

each current meter at the time the measurements were made must be known. Howev,,r not

all of the level 2 and level 3 current meters had pressure sensors. and furthermore, some of

the measurements were questionable. For example. several of the level 2 current meters on the

Miami moorings exhibited pressure biases similar to those found with the level I instruments.

Based on the mooring design, the differences in pressure between the top three current meters

were expected to be nearly constant despite the mooring motion. Thus, the top current meter

pressures were used together with constant offsets to simulate the daily pressures at the level 2

and 3 instruments as

p2(t) = pl(t)+delpl2 16)

p3(t) = pl(t)4-delpl3 17)

9



Table 3. ADCP Pressure Statistics

First order statistics of the ADCP pressures in the SYNOP Central Arraý ar., l1-tod
Also tabulated are the means and the standard deviations of th, pr'iurP djiffr4,,i,•s
between the ADCP and current meters at levels 1. 2. and 3. Fhl \oD(P iDres'res.
designated as PbnMI. correspond to the depth of the Bin I vt"loCti,? •9 in aboe
the ADCP or 2! m above tae level L current meter). The current metor ienior;. at
nominal depths of 400 m, 700 m and 1000 m. are respectively denoted as Pltas.
P2meas. and P3meas. Pressures are expressed in units of 1000 kPa or '00) dbi.
The symbol "NA"' indicates no data.

YEAR 1

PImeas - Pbinl P2meas - PbinI I P3meas - Pbin- Pbinl
Site Mean Std Mean Std Mean I Std Mean Nin Max Std

H3 10.2.58 0.007 ~ 3.394 0-008 6.6.58 0.016 F2.994 2.979q I3.OSI 0.019
H4 0.230 1 0.014 3.309 0.0:37 6.442 0.089 3.831 3.239 4.448 0.336

YEAR 2
PImeas - PbinlI P2meas - Pbinl ' P3meas - Pbinl r PbinI

Site Mean Std Mean Std Mean Std -Mean Min ax Std....
H3 0.272 0.025 3.394 0.060 N.A NA 3.0882.862 14.431 0.296

12 NA NA 3.216 0.03.5 NA NA 3.251 3.034 5.065 1 0.314
P2 NA 1 303

10



The offsets delp12 and delp13 were determintd for each mooring based on both r'ho •nur::n

design (wire lengths and stretching) and the observationls.

Comparisons of the simulated and observed pressures were made by looking at thit mean and

extreme differences between the records. The results are summarized in Table 1. In ceneral. tie

differences are under 10 db (0,10 kPa) as anticipated by the mooring design. The large mean

differences on Miami moorings H3 and 12 are assumed to be related to calibration (,rrors of the

current meters since p2 and p3 are simulated from the acoustically-verified kXDCP pressures.

Table 4 also indicates long term drifts in the observed pressures. Several instruments had drift

rates of about 4 db per year. While these drifts are too high to use the observed pressures

for dynamical analyses, they are small enough that that do not significantly affect the mooring

motion correction.

In the above equations. pl is defined as the pressure at the upper most temperature mea-

surement (TI). For the most part. TI and pt. refer to the measurements made by the level

I current meter (Table 5). However this is not true for M13 and the three Miami moorings,

For site M1:3. the level 1 pressure sensor didn't function properly during a 50 d period. So

instead, we used the level 2 current meter pressure record and chose the appropriate values for

delpl2 and delp13 (listed in Table 5) to determine the level 1 and level 3 pressures. For Miami

moorings H3_YR1. H3_YR2, and H4,YRl, ADCP pressures were used instead of the current

meter pressures. However. the level 1 current meter temperatures were still used as TI for

those moorings. Consequently, the ADCP pressures (Pbinl) needed to be adjusted by 21 m

from the depth of the Bin I velocities to the depth of the level I current meter (Figure 2). Thus

p1 = Pbinl + A21 db for those moorings. For Miami moorings H3_YR2 and 12-YR2. the ADCP

temperatures were used as Ti: thus the Pbinl pressures were offset by 9 m depth to be the

depth of the ADCP (Figure 2). Since the ADCPs failed on moorings 12_YR1 and H4_YR2. the

current meter pressures were used for the mooring motion correction. However, as noted above.

these needed to have a 6 db bias removed. Table 5 summarizes how pl and T1 were determined

for each mooring. The offset constants, delpl2 and delp13. are also listed in Table 5.

The mooring motion scheme also requires that the upper most velocity (Ul) and its pressure

(PU) be specified. As indicated in Table 5. the level 1 current meter velocities were used in

all but two cases. Thus. typically PU, = pl. However when the ADCP velocities were used.

PU = Pbinl = pl - 9db.

I1



Table 4. Comparison of Simulated and Measured Pressures
at Levels 2 and 3

P2 and P3 are simulated pre iisre-, fout P II I- g Equth.i oLt 16 and 1 7. t,2111"a- ,'1d P, 11"ea'
are the observed pressures on the itoot I .G'ood agreement" iiidicawps rhat thef. oifpr-,,
and peak differences between the simulated and measured pressures fail .%ohinu he range,
anticipated by the mooring design. Pressure units are kPa. A ,ecoid ienLth of 1400 pt.,
corresponds to a period of about one vwar.

o P 2r N2 -P2meas 3- eA

Mooring Observed Drifts - ; Offset Extremes i Offset CExrees (omments 0

G2_YR I None 1 -0.0,2.5 0.1.3 NA .A k Good agreenwat

H2.YR2 I None 0.005 0.04 NA NAk Good agreement

H3_YRI1 Pl: -0.03 over -0.13 0.10 -0.2:3 0.09 P PI IADCP) verified acous-
1400 pts. I tmcallv: offsets are due to
P311eas: - 0. 03 current meter biases.
over 300 pts. _

H3.R2 P2meas: -0.12 -0.20 0,1 I NA NA Ph IADCP) verified acous-
over 1000 pts 11 ticailv: offsets are due to

SN Ncurrent meter biases.
H4-0R2 None 0 -0 10. NA Good agreement

IIYR2 PI: -0.022 over None 0.04 NA NA Good agreement
:3200 pts.
P2meas: -0.013
over :3200 pts. _

I2-YR1 P1: 0.01 over 0.22 0.06 NA NA P1 (ADCP) verif,,,I acous-
1500pts. ticallv; offsets are due to
P2meas: 0.07 over current meter biases.
700pts.

[2_YR2 None -0.07 0.11 NA NA P1 (ADCP) verified acous-
tically: offsets are due to

.1 current meter biases.

13-YR2 None -0.01.5 0.12 -0-1.5 0.2 i Good agreement

i4-YRI None None 0.06 NA NA Good agreement

14_YR2 Plmeas: 0.05 over 0.1 0.65 -0.10 0.22 P2meas has large drift
1400 pts. P2rneas:

-0.5 over 600 pts

1]5.YR2 P1: -0.04 over -. 0o 0.0.5 NA NA Good agreement
S3000 pts

M13_YR2 P2meas: 0.06 Noue 0-5 NA NA Level 1 pr
over 1400pts missed several mooring ex-

cursions. Use P2meas to
simulate pressures of levels

Iand 3.

12



Table 5. Data Sources of the Top Level Temperatures, Pressures,
and Velocities used in the Mooring Motion Correction

Pressures are expressed in units of decibars. The constant offsts., drp) 12 and (ioip!1.
were used to simulate P2 and P3 re.pectively from P1 according to Eqi,,rior. It) and ,7.
The uwiver.,iity technical group that prepared each mooring i, l),dicared. Sre !111 texT and
Appendix E for further explaulations for .ach site.

17 = .feasured temperature at top level
C.I = \1ea,,ured velocity at top level
PL = Measured pressure at top temperature
PU = Pressure at top velocity
CMI = Top level is level 1 current meter
CO2 = Top level is level 2 current meter
ADCP = Top level temperature is ADCP (12 m above CMIi I
Binl = Top level is Bin 1 (9 m above ADCP: 21 m above CMIO

YEAR 1

.Mooring C;roup TI UI P1 delp12 delpl3 PU-PI

G2 URI CMI CM.II PCN1 304 2.03*304 0
G3 URI CMi (01i PCMI 306 2.03*306 0
H3 .MIAMI C.M1 CMI Pbinl+21 306 2.04*306 0

PCM1-6
H-4 .\IIAMN CMI C'.MI Pbinl+21+I0 306 2.03*306 0
H5 URI CM1 C.I1 PCMI :306 2.03*306 0
[2 MIIAMI COMI C'MI PCMl-6 303 2.04*305 0
I3 URI CMI CM1 PCM1 306 2.03*306 0
14 CRI C11 C0M1 PCM1 308 2.03*308 0

YEAR 2

Mooring Group TI U1 P1 delpl2 delpl3 PU-PI

(12 URI CM1 CM0 PCMI 306 2.03*306 0
G3 URI CM1 C(M1 PCMI 306 2.03*306 0
H2 WHOI CM1 CMI PC'IN 308 2.04*308 0
H3 MIAMI CM1 C'II Pbinl+21 306 2.03*306 0

AD('P Pbinl Phinl+9 -9
H4 MIAMI CM1 NHM PC,11-6 304 2.03*304 0

H6 WHOI CMI1 ('.N II PC'NI 1 309 2.02"309 0
T1 WHOI CMO1 0MI PCM1 309 2.04*309 0
N2 MIAMI ADCP Pbinl Pbinl+9 306+12 (2.04*306)+12 -9
13 URI CM1 CM1 PCM1 305 2.02*305 0
14 URI CM1 CM1 PCM1 306 2.04*306 0
15 WHOI CMI1 CMI0 PCMI 310 2.02*310 0

MI3 UR1 CM2 ('.\12 PCM2 -308 1,03*308 0
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3.2 STEP 1: Determine the canonical profile

Hogg's mooring motion correction method relies upon the assumption that *h- >or hrm•

are parallel and therefore a canonical temperature profile exists. Althoug6ii 1"ijs a:Utl is

generallv valid below 16°C. it is not necessaril true for warmer waters. PspEciallv near

Because the 160C isotherm is typically found at depths above the uppermost current mn,,r ,-100

m) across most of the Gulf Stream. this assumption is nearly valid for aUl SYNOP current meter

moorings. Despite this. we found that it was best to apply different profiles to the northern

and southern moorings. To create these profiles, the moorings were separated '.1 - wo groups.

For each region. the data were then strung together to create a single long /I time series and

corresponding time series of temperature for all three levels. Additionally. long time series

of p2 and p3 were determined according to Equations 16-17 using representative values for

delpl2 and delpl3. Separate profiles for the northern and southern regions were subsequently

determined by least squares regression. (The NIATLAB codes are given in Appendix B.)

Temperature data from the first year of moorings H3 and 13. and the second year of moorings

H2. 11, 12, and H3 were used to determine the northern profile. The criteria used to select those

sites were as follows: (1) The mooring must have at least two working current meters ( Figure 3

shows the data recovery for each current meter). (2) The separation between the level I and

level 2 current meters on the mooring must be 3070 kPa ± 30 kPa, and it must be 6250 kPa

± .50 kPa between the level I and level 3 instruments. (3) For most of the time. the mooring

should be located north of the north wall but not in the recirculation region.2 (4) Changes in

the canonical profile caused by the inclusion of the data from that site improves the motion

corrected data. as indicated by tests such as those described below in Section 4. The northern

profile, shown in Figure 4, is a 7th order polynomial whose coefficients are listed in Table 6.

The data on moorings H2, H3, 11. 12 for both years. and the first year of data on moorings G2

and 13, and the second year of data on mooring H4 were corrected using the northern profile.

Similarly. the temperature data from year I of moorings H3, 14. and 15, and data from

year 2 of moorings H3, 14, M13. and 1.5 were used to determine the southern profile. Again.

the criteria for choosing these sites were: (1) The moorings must have at least two working

current meters. (2) The separation between levels 1 and 2 must be 3075 kPa ± 50 kPa. and
2 During the first year. the H2 and 11 moorings were in the recirculation region and their data has been e'duded

from the determination of the northern profile.
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CENTRAL ARRAY': CURRENT METER, TENPEA.IV -.r

Oct 1987 to May 1988 May 1988 tb \May >159

- - HZ iI
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H4 13

G3

-' --- -4 -- G3
H5 14
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-2Cz -'60 -'zo -•C -4Q 3• '0 80 "22 ... . '50 -': -6C -,'- 2 4,.2 •.
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SNo data

. Poor quality datazNodt PADCP temperature used

Figure 3; Current Meter temperature and velocity data returns during the two-year deploy-
ment period from May 1988 to August 1990. The four symbols indicate the data
recovery for the current meters at levels 1-4 on each mooring, where the left symbol
corresponds to the level 1 instrument. The axes labels are in kilometers from the
origin at 38 0N. 68*W, with the x-axis rotated to be oriented along 075'T.
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Table 6. Coefficients for the Northern and Southern Canonical Profiles.

The southern profile is a 9th order pokv'omial in - where =p. - p Pa 1 i . 1'r!I!0rI
profile is a 7th order polynomial. The "oofficients wore found by lea.,t ýyiiar-, r,'r,•,,Ii
The zeroth order coefficient was ýet to be 12. Thus when p = p,,j. F = r

n Southern Profile Northern Profile
Coefficients Coefficients

9 -2.264917>"e- 08 0.00000e-O00
8 -9.3254665e-07 0.0000000eO00
7 - 8 .4516302e-06 6.9965043e-06
6 7.9955372e-05 1..83593337e-04
5 1.2677613e-03 1,.1301407e-03
4 -1.S.511301e-03 - 7.5093500e-03
3 -6.7 733505e-0 2  -8.5146575e-02
2 - 1.0571906e-03 6.1521248e-02
1 2.40927.9e4-00 2.6986492e+00
0 12 12
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between levels I and 3 it must be (i610 ± :30 '.Pa. 3) The mooring must gpnraylv be poý un,(

either mid-stream or on the southern side of the north wall. (41 The inclusion of the data from

that site to define the profile enhances the overall motion correction as indicated by the res:t

described in Section 4. For example. although mooring H3 was corrected using th,- northern

canonical profile. it was found that the inclusion of H3 in determining the southern ranozical

profile helped improve the correction of moori.gs 13 and MI13T The southern profite. 4howv in

Figure 4, was used to correct both years of data from moorings G3. H6. 14. 15. and the first

year of data from H4 and H5. and the second year of data from moorings (;2. NI13. and 1.3.

The coefficients for the southern profile. a 9th order polynomial, are listed in Table 6.

3.3 STEP 2: Correct the temperature data on a given mooring

3.3.1 STEP 2a: Determine reference pressure

The first step in correcting the temperature is to determine the reference pressure. p•.f.

The reference pressure is defined as the pressure of the 12'C isotherm. as specified by the

zeroth order coefficients of the northern and southern profiles (Table 6). We solve for p.,! by

minimizing •_-I(TA- F(p,,I-pk)j for the temperature and pressure (T,p1 measurements at the

two or three (N) current meters on each mooring. The polynomial T = F(p,,f - p) is specified

to be either the northern or southern profile, depending on the criteria listed previously. The

minimization is performed for each sample period, producing a time series of p•,/ for each

mooring. How well this minimization procedure works for each mooring can be ascertained by

the plots of measured temperatures versus p,,f - p shown in Appendix C.

There were a few moorings which required special treatment. The top current meter on

mooring 12.YR2 failed; this is a critical instrument for determining p,., because it was located

in the high gradient portion of the canonical profile. Fortuitously. there was a working ADCP

located 12 m above the current meter. Thus we were able to use the ADCP temperatures and

pressures for the regression to determine Prej .At two other sites. H4_YR1 and G2_YR2. the

moorings had only one working temperature sensor. making it impossible to determine pr,! by

regression. However we were able to obtain PreJ at those sites from a different data source. As

part of the Central Array, IESs were locateu near the base of each mooring. The IESs measure

the depth of the thermocline as indicated by the 12°C isotherm. Thus. the Z1 2 measured by the

TESs is equivalent to the reference pressure (after taking into account the unit conversions from
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depth to pressure. p,, = 1.01 - Z1 2) because by definition. T = 12 -,khen = p.. l{,A,;,..r.

there was a 2-5 km distance separating trh,: current inounrigs and the IESs. i 'i> ý,parAt:()0 Ah3

considered too far to use the IES Z 12 measureme.,ts directly in the mooring motto, correction.

Instead, we interpolated objectively-analyzed maps of Z1 2 (Tracey and WNatts. 1991 to obtain

time series of p.f right at the two mooring sites. At mooring H4_YRI. a ,econd cu rront meter

worked for half of the deployment year. Thus we were able to obtain a partial ro-ord of p.,

by regressing the current meter data. A comparison of the regressed p,,f to that of !he IEF

revealed a bias of 10 db between the records. Thus in order to make the records consistent.

the 10 db offset was added to the Pbinl pressures record of site H4.YR1 before correcting the

temperatures.

Not only did we interpolate the IES maps to sites H4.YRI and G2_YR2. we also interpolated

them to obtain Z 12 records at all the moorings. Plots of P,.f, determined from the current

meters and scaled into depth in meters. are shown together with the Z 12 records from the IESs

in Appendix D for all the moorings. The agreement between the two types of records is quite

good, with rms differences between the two records generally less than 25 m.

3.3.2 STEP 2b: Correct the temperature data

Once p,,f is obtained for a given mooring, the temperatures at the desired pre3sure levels

can be deermined by using Hogg's method (Equation 3) and specifying the appropriate canon-

ical profile. However we modified Hogg's method slightly by using a weighted average of the

temperature correction from the two nearest temperature-pressure pairs. (T,.p!p, and r,. p,,

That is.

Tcor = w,,T•, + wtT7  I't

where, T, = F(pref - p,,n ) + [T(p.) - F(pre-p, ] 19)

and, TI = F(pef - pnor) + [T(pi) - F(pef -p)] 201
P1- Piomi,

while. = 2 - I
po,., - Pui + IPnom - P11

andp= - pW[ 22)
aPnom - Pul + Pnoom - P11

The weights sum to 1 and are linearly proportional to the pressure differenc-.s of the mneasure-

ments away from Pnom: the T1, and T' differ from Tom = F(pref - Pom) by the measured
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temperature differences at the respective levlt, ILi• nodificationrvP:. l. ý,r'r-, !I".I;

ature to smoothly approach and agree wirli thfe measurd te~nperariup .k i .,

pressure approaches and equal' the nominnal pre-iui&: i.e. when pi =...., = [

On the moorings not used to determine the canouical profiles -.Appeindix El *- .

for the current meters to be deeper or shallower than the canonical profiie. -.jt!r .-ip.

or p,,, - pz lies beyond the range for which the polynomial T = FPp,., - p) h•- as,-:d,

Under those conditions. the temperatures are not corrected using Equation 1-. bu, i ;,: ar,•

corrected using Equation 3. where To, = Ppl ! - P,,r). If P,! - pli is also bomL,i !i"h

range of the canonical profile, then the temperature cannot be corrected. The pressure ritzges

for the northern and southern profiles can be found in the first column of Table ",

3.4 STEP 3: Correct the velocity data

To correct the velocity data of a given current meter. the data from two neare.st current me-

ters are used. These current meters are selected based on their temperatures: the ones closest in

temperature to the corrected temperature are chosen. First. the velocities are decomposed into

cross-stream and downstream components as in Equation 4. Next, the downstream component

is linearly interpolated to the corrected temperature according to Equation 13. Subsequently,

the cross-stream component is added back to the corrected downstream component ro ob-

tain the corrected velocity (Equations 6 and 15). Note that with our modification to Heo.g..

temperature correction. if one of the current meters is at the nominal pressure, the corrected

temperature is the measured temperature and the corrected velocity is the measured velocity.

If the current meter is not at the nominal pressure, the corrected velocity is a smoothly varying

function between the two measurements.

If the temperature sensor on a given current meter did not work, the mooring motion

temperature correction scheme was used to simulate temperature data at the current meter's

observed pressure. Subsequently, the simulated temperature was used as either T(p1 1 or Tip,,

in Equation 13 to correct the measured velocities. If there was only one velocity measurement

among the upper three levels, the deep (3500 m level) velocity and temperature mezsmurpnipnts

were used as (T(pf), u(pl). v(pl)) in Equation 13.

On moorings 12.YR2 and H3.YR2, no velocity data were obtained by the level 1 current

meters. However, we were able to use the ADC'P Bin 1 velocities to fill those gaps. To co:rect
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the .- DCP -llott' ) tionima ~Viit p-j ai-or I I ne to "~I&u a l~

peratures first h1ad !o be corrected Or) rH;! Ol~I .. ac-sr4 :n Ahtyf kl 0 P

++Ien :rt .\ ;"+':.,Ux U L. I '[; ,rrecrtd t I,, rar[ie dti+ i x' juc, ,+o : dt' , a+ ,ir0 .:(+,+ 2: \K[,+,i':

4 Tests of the Corrections

We now present the results of extensive testing that show that tilis correc,'wt 'o..IL ,

very robust. [n particular, two tests w ill he diicussed. The first test examines ho aw& ', of

the correction scheme to simulate data by interpoiating between two current !neters, and ?"iI

iecond rest %dluatpi extrapolation. Each test was applied to both a nort her mooring 11 ! and

a southnrn, noor':l , 4_-YR2): hlese tnooroin ,A-pr,- selected because ail three cirrent meters

worked properly

For 'Test 1'. level I and level :1 current meters are used to interpolate to levei 2. which is 0

approximately .300 m away from either input. The simulated level 2 current meter temperature

and velocity data, as weU as covariances and heat fluxes. are then compared to the directly

measured level 2 data. The comparisons are shown in Figure 5 and the rms errors are !isted in

Table 7. The simulated and observed velocities exhibit rms differences of under 6 cm '. -

which is quite small considering the large 600 rn distance between the level I and levl 3 current

meters.

An even more rigorous test involves an extrapolation. For *Test 2". level 2 and levei 3

current meters are used to extrapolate up to level 1. Again, the simulated level I temperature

and velocity data, as well as covariances and heat fluxes. are then compared to tihe measured

level 1 current meter data. The simulated and the observed time series are shown in Figure 6

and the rms errors are isted in Table 7. The velocities for the northern mooring have

rms differences of under ý cm. w!ije those for the southern mooring are twice as large. The

larger errors for the southern mooring can be attributed to the deeper and more frequent

vertical excursions taken by the mooring because it was located in a higher-velocity region of

the current. Considering the large extrapolation distances (the level I current meter is 300 m

and 600 m away from the level 2 and level 3 instruments, respectively) the observed ,rrors are

imaU and indicate that the correction scheme is robust.
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Table 7. Root-mean-square Error
Between Measured and Simulated Data

for Tests 1 and 2.

Each test was run for both a northern mooring. 11. and a mid-strearnmouthern mooring,
14_YR2. Test I uses current meters at level I and :3 to interpolate to lel 2. Test 2 1ses
current meters at level 2 and level :3 to extrapolate to level 1. Uniti of velocity are m s-
Temperature uri, are "C. Figure 4 shows the observed and simulated time serie.s of each
test.

Northern Mooring Mid/Southern Mooring
Site 11 Site I4.YR2

Test I Test 2 Test 1 Test 2
err(T): 0.2 0.6 0,7 0.9
err(u): 0.01 0.08 0.06 0.16
err(v): 0.02 0.07 0.05 0.14
err(u'u'): 0.007 0.068 0.050 0.231
err(u'v'Y): 0.00:3 0.0:34 0.024 0.117
err(v'v'): 0.004 0.040 0.028 0.181
err(T'T'): 1.0 3.7 4.7 6.9
err(u'T'): 0.057 0.340 0.265 0.699
err(v'T'): 0.040 0.286 0.168 0.477
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These tests are very strenuous compared to the typical vertical distances used "or corrrctitlg

the temperature and velocity data for mooring motion. Most observed vertical excursions if

the current meters required interpolations or extrapolations of less than 50 m to put the ,a.a

onto the desired pressure horizons.

Our tests show that the method works sufficiently well that data can be simulated at any

of the three levels when one of the current meters failed. Figure 3 shows that most of ,he

instrument failures in the Central Array were at level 2. Therefore using the mooring motion

correction scheme to interpolate to level 2. the associated errors for those moorings will be

similar to the errors presented for Test 1. In addi" )n. several of the level 1 current meters

had gappy or short velocity records: they include sites G3_YR 1. H4_YR2. 13.YR2. and I5.YR2.

Thus for those moorings, the velocity and covariance errors at 400 m during the gappy periods

will be on the order of those described in Test 2. Because the Hogg (1991) mooring motion

correction method works so well. these data gaps. although unfortunate, are not as troublesome

as might have been feared.

5 Error Estimations of the Motion Corrected Data

5.1 Estimating the error in Tea,,

Errors associated with the corrected temperatures arise from both errors in the temperature

measurements and errors in the reference pressure. The error in To, also depends on how the

correction was determined, either by using either Equation 3 for one working instrument or

Equation 18 for two instruments.

When there is only one working current meter on the mooring, the corrected temperature is

T,.o, = F(pref - Pnom). In this case, the correction error is predominantly due to the scatter of

the observed temperature-pressure pairs on the canonical profiles, aF(p,,f - p.,, ). However.

the measurement errors also cause a small error in the daily reference pressure which in turn

affects the corrected temperatures. Thus, the total temperature error is:

err(T,,o) = err(F) i23)

+ OF err(pelf) !24)= O'F(PeOp-Pno -tir f ',-.l- *,' n
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The term aF(Pý!f - p) is the standard deviation envelope of observed temp)eratilres arolind

canonical profile. Table 8 lists the observed scatter as a function of pressure for both the

northern and southern profiles. The derivative '-. can be computed analytically in a

straightforward manner because the canonical profiles are modeled as polynomials. However.

estimating the error in the reference pressure. err(p•rf) is not straightforward and is discussed

in Section 5.2.

When there are at least two current meters working on the mooring, then the tempera-

ture correction can be computed according to Equations 18-22. Accordingly, the error in the

corrected temperature is:

err(Toor) = (wO + tl )err(T)2 + W' (O'F(Pef - Pnom) - O'F(Pref - 1)) +

L
w2 (O'F(Pref - Pnom) - F(Pref -_ p/))2 +

( 9F t u rF I F e9 F +.def- WI.,, - - -., errtP•:f)•
-p ,,P ) -Pief )(P r fi p J OP r f ( f- P I)

1/2

+- r, + _)2+ + err(p)2  (2.)

The errors of the temperature and pressure observations are err(T•,) = err(Tt) = err(Tý -.

0.03'C and err(pu) = err(pl) = err(p) -" 5 db. respectively. The derivative terms can be

computed analytically from Equations 2 and 21-22.

Typical values of err(To,.) for all three levels are 0.14-0.17°C. The highest errors of 0.2 7'C

were estimated for the 700 m level at site G2_YR2.

5.2 Estimating err(pef)

The daily P1ef is found by fitting the (T. p) measurements from the working current meters

on a mooring to the canonical profile T = F(p,,! - p),

a AlL =Z (pref - p- F-'(T,)) (26)

33



Table 8a: RMS Error between the Observed Temperature
and the Northern Canonical Profile Temperature

The temperature scatter is listed as a function of p,,, - p. The units of p,,, . - p are 1000 kPa. The
units of the temperature scatter are 'C. The scatter is computed every 20 in ýiing NPTS T.p,
observations. This table was created using Matlab code tenv.m. !isted in Appendix B.

pref - P scatter NPTS p,./ - p scatter N PT S

-10.5299 0.27'7 3 -2.99 026 71
-10.3299 0.1216 1 -. 9299 0.2268 1

-2.7299 0.1914 110
-10.1299 0.1730 4 2.5299 0.1618 150-2.5299 0.1.668 157
-9.9299 0.1805 8 0-2.3299 0.1960 160
-9.7299 0,1408 7-9.299 0.1092 1-2.1299 0.2029 190
-9.5299 0.0927 13 -. 29 012 2

-1.9299 0.1420 129
-9.3299 0.0609 20 I 0
-9.1299 0.0659 39 -1.3299 0.1613 132

-8.9299 0.0528 95 -

-8.7299 0.0526 132 -1.3299 0.1355 14.
-1.1299 0. i222 115

-8.5299 0.0513 142 -0.9299 0.08.3 107
-8.3299 0.0469 172 -0.7299 0.0726 72

-0.5299 0.0676 79-8.1299 0.0552 132-029 0.60 9

-7.9299 0.0690 134 -0.3299 0.0807 73
-7.7299 0.0565 128 -0.1299 0.0792 63
-7.5299 0.0515 133
-7.3299 0.0526 08 I0.0701 0.1282 64

-7.1299 0.0625 90

-6.9299 0.0792 6 70.4701 0.1364 46

-6.7299 0.0854 73 0.6701 0.1907 42

-6.5299 0.0895 76 0.8701 0.2519 4.5

-6.3299 0.0911 62 1.0701 0.23.50 43

-6.1299 0.1141 60 1.2701 0.2-576 23

-5.9299 0.0883 86 1.4701 0.3842 21

-5.7299 0.0693 129 1.6701 0.2793 29

-5.5299 0.0879 164 21.701 0.2490 23

-5.3299 0.0800 167

-5.1299 0.0719 194 .701 0.1690 29

-4.9299 0.0713 154 2.4701 0.1359 28

1 .6701 0.1391 16

-4.7299 0.0974 143

-4.5299 0.1181 5 2.8701 0.2021 11

-4.3299 0.1078 132 3.0701 0.2497 13
3.2701 0.2273 13

-4.1299 0.0148 126 3.4701 0.2089 8
-3.9299 0.1427 10 3.6701 0.1109 9
-3.7299 0.148 76 3.8701 0.0778 8

-3.5299 0.1582 750

-3.3299 0.1812 83 4.0701 0.0635 14

-3.1299 0.2466 73 4.2701 0.1281 3
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Table 8b: RMIS Error betwten the Observed Temperature
and the Southern Canonical Profile Temperature

The temperature scatter is listed as a ftum tion of t -- p. The units, of jx.-. - p e iOt) kPa. IPh,(

units of the temperature scatter are OC. 0he ,carter iS coanpute, ever\ 20 ki u-i. N *PT F .,

observations. This t:ble was creatod using Niatlab code tenv.m. listed in .AX npviidix B.

p" - p scatter NPTS s - catter NPT$

-9. 7271 0.09,57 4
-01.5271 0.2575 34,1

-9.5271 0.0856 2-1.3271 0.3864 2)54
-9.3271 0.0,55.5 6

-1.1271 0.3581 159
-9.i271 0.0740 16 -0.9271 0.296.5 1-12
-8.9271 0.1429 15 -0.7271 0.1896 12'2-8.7271 0.1104 34

-8.5271 0,1077 46 -- 21018

-0.3271 0.1200 82-8.3271 0.1038 .59
-0,1271 0.1327 74

-8.1271 0,0931 59
-7.9271 0.0960 78 0.0729 0.1809 93

0.2729 0.2083 79
-7.5271 0,0735 76 0.1729 0.2465
-752710.6729 0.3151 71
-7.3271 0.0825 51 0.8729 0.2903 100
-7.1271 0.1025 31 1.0729 0.3616 124

-6.9271 0.0924 31 1.2729 0.4376 141
-6.7271 0.0883 37
-6.5271 0.1069 32 11.729 0.333 23

1.6729 0.3330 234

-6.3271 0.1195 31 1.8729 0.6147 150
-6.1271 0.1268 47

2.0729 0.6546 S6
-5.9271 0.1288 0532.2 729 0.5602 .56
-5.7271 0.1328 47
-5.5271 0.1088 68 2.4729 0.4221 56

1 -5.3271 0.1028 95 2.6729 0.4057 44
2.8729 0.2985 56

-5.1271 0.1087 129 3.0729 0.3170 51
-4.9271 0.1254 179

-4.7271 0.1258 139 3.2729 0.2745 .51
3.4729 0.2316 5.5

-4.5271 0.1802 132 3.6729 0.2940 46
-4.3271 0.2028 99

3.8729 0.2476 62
-4.1271 0.2171 103

4.0729 0.2165 97-3.9271 0.2054 76
4,2729 0.2094 103

-3.5271 0.2468 7 4,4729 0.1817 142

-353271 0,2875 87 4.6729 0.1859 206
-331271 0.75 8 4.8729 0.1786 162
-2971 0.325 905 5.0729 0.2318 79

-2.7271 0.3546 102 5.2729 0.2207 67
-2.5271 0.4385 112 5.4729 0.1970 40

-2.3271 0.435 11 .5.6729 0.2276 16
* -2,3271 0.3276 147

2.1271 0.3019 212 .5.8729 0.2070 5
.5.,S729 0.92070 5

1.9271 0.3691 256
6.2729 0.5220 1

-1.727t 0.3309 :328
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Values of erripr,, for all three levels ranged between 0.042 kPa and 0.10 kPa. The? mean

.alue for ail sites was 0.061 kPa.

S.3 Estimating the error in U,

The orror in the ,o)rrcted %elocitv ' depends on (i) the measurement error Prr'• -- 2

,.m s';. it, 'h, ,rror in the corr. td temptatire. Prr T-,). which was discussed abov,,. , iii1
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change in the velocitv shear is proportional to T.he change in the temperaturo,. Frr; m . Phi,

error in m depends upon whether the velocity correction is an interpolation or an Pxtrapoiatio!i.

For interpolation where T,' > T7.r, > T,F we found ., m ) ,- 0.01. Otherwi-e. r, , ,, i-- .t2.

Assumina these errors are independent.

e~rrUcor) = -- - r i0 + uf -,rr(T.•,i -,- fm .. . . ,.,i, r-, -
err(Ccor =)dr

34J

The partial derivatives can be determined by examining Equation 14.

Mean err(Ucor) values of 0.02 m s-I were obtained for all moorings except three sites

G3.YR1. I3.YR1, and G3-YR2) where the mean errors were 0.15-0.17 m s-.

6 Useful By-products of the Correction Scheme

The canonical profile can be ,,xploited in a variety of ways to cbtain additional data

products.

6.1 The Pseudo-IES

Because the canonical profile is represented by a Nth order polynomial whose zeroth

order coefficient is set to be 12*C, the reference pressuze is the pressure of the 120C isotherm.

T(p = p,,f) = F(O) = 12-C. Furthermore. the reference pressure can be divided by a factor of

1.01 to convert pressure into depth in meters. Thus we can obtain a time series of the depth of

the 121C isotherm at the current meter site.

This is the same measurement obtained by the IESs which were also deployed in the Central

Array. As discussed in Section 2.3. we used the IES Z12 records as Pr4, for two sites whon several

current meters on those moorings failed. Likewise. the moorings can be used as "'pseudo-1ES"s

to help map the thermocline topography wviere the [ESs failed. Appendix D show comparisons

of the Z 12 measurements from IESs and pseudo-[ESs at aU the mooring sites. Typically. the

rms differences between the two time series are under 25 m. which is less than the error of the

objectively mapped IES Z12.
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6.2 Computing the Mean Stratification

Because the SYNOP moorings were arranged along lines approximately porpolidicuilar to

the mean Gulf Stream path. the mean temppratilre profiles at each mooring along a line can

be contoured into a Eulerian mean temperature cross-section. Figure 7 Thow both -he year I

and year 2 mean temperature cross-sections along the [ line i near 68'%WV

Furthermore. because the canonical profile has an analytical form. the Bruint-Vaisalla fre-
u ygTp (where a = --- and the overline indicates a time average Ican be

computed simply as:

= gar 4 -+ 1 - 12)c, (p,, - p)V-,n). •35)

The year 1 and year 2 mean stratification cross-sections along the I line are shown in Figure 8.

7 Summary

Hogg (1991) provides a robust mooring motion correction method. We made a slight

modification to his method however, by using a weighted average of the corrections of the two

nearest temperature measurements. This revision allows the corrected temperature to equal

the measured temperature when current meter is at the nominal pressure.

The tests discussed in Section 4 show that even when there were only two working current

meters on a mooring, the temperature and velocity measurements could be -corrected' to all

three nominal levels.

A feature of this method is that it uses the uncorrected data to create the canonical profiles

and reference pressure. Thus, this scheme provides a method of correcting temperature and

velocity data for mooring motion, even in the absence of historical data sets.

Because of the wealth of data in the SYNOP Central Array. other types of measurements

could be incorporated into the correction scheme to improve the velocity and temperature

corrections. Specifically, ADCP pressure measurements were used whenever possible. because

they could be verified by independent acoustic calculations of the depth. Additionally. the

ADCP temperatures and Bin I velocities were used whenever possible to fill data gaps left

by the current meters. Furthermore. IES Z12 data were used as the reference pressures f,•r

:18



0

YEAR 1
200-

- 11I 12 13 14 15
S 400

10 .0

.0

: 00~~

1000

100. 50. 0. -50. -100. -150.

cross-streamn distance (kin)

01

YEAR 2-
200

11 12 13 14 15

1000-

Eulerian Mean Temperature Section

Figure 7: The Year 1 (June 1988-June 1989) and Year 2 (August 1989-August 1990) Eulerian
mean temperature cross-sections measured by the moorings along Line 1.
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moorings that had only one of the upper level current meters functioning properly.

Finally, we have also noted that the moorings can be used as pseudo-lESs. We have already

done this by incorporating their p,-e records into our objective maps of the rhermocline field.

The inclusion of these current meter data into the IES maps dharpened the thermocline gradients

and improved the maps in regions where there were no [ES measurements.

Altogther. Hogg's 1991) mooring motion correction scheme allows the IES and culrrent

meter data to be mutually beneficial.
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Appendix A: ADCP Temperature Evaluations

Due to differences in the calibration procedures. we believe the absolute tenmperatur-.s of

the level I current meter (TI) but not those of the ADCP (TADCP). However. we know that

in 1sneral T.ADCP should be approximately 0.2 - 0.25'C warmer than Ti since the ADCP was

located 12 ni above the current meter. This is based on a typical thermoctine gradient of

P°C for 48 - 60 m. Since these sites were located in the northern portion of the array where the

thermocline is frequently shallow, the ADCPs (at roughly 400 m depth) were sometimo., below

the thermocline in colder water. In those cases. we might expect a smaller thermal gradient.

e.g. 0.15 0C/12 m = 1°C/80 m. corresponding to temperature differences of 0.15'C. Likewise in

18'C water, we might expect a very small gradient. However, except for rare intrusion events.

the gradients should always be positive since the ADCPs are positioned above the current

meters on the moorings.

Comparisons of the TI and TADCP records were made for all four of ADCPs. These included

the full records for sites H3_YR1. H3_YR2 and H4_YR1. as well as a short record for site 12_YR2.

when the current meter failed after a 4-month period. No ADCP data were obtained for sites

12.YR1 and H4_YR2. The results of these comparisons are summarized here. The error in

these temperature offsets is ± - 0.05 0C. "Good" means that the difference AT = T 4 DCP - TI 0

corresponds to a realistic temperature gradient. Plots of the temperature difference -T versus

Ti are shown in Figure 9.

H3-YR1:

T.4DCP appears to have an offset of approximately -0.5°C. It's too cold.

"* The ADCP temperature is always colder than the current meter T1. Thus T.4DCP

is bad.

"* For T1 = 6- 10°C, AT = -0.4 to - 0.25TC. It should be +0.15 to 4-0.2 0C.

"* For T1 = 10- 14*C, ATr = -0.3 to - 0.1 0 C. It should be +0.25*C.

"* T.ADCP - TI is less than -0.5 0 C during one cold event (T1 = 6VC). This is probably

an intrusion.

H4_YRI:

* TADCP looks like it has an offset of -0.25 to -0.3 0 C. It is too cold.
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* For T1 = .5 - 100C. -r = -0.15 to - 0. 100 C. It should he -0.V tu -. 2•(.

* For T1 = 10 - 171C, Ar = -0.05 to - 0.25,C. It shoiild h)P around 025('.

* For TI = 18°C. AT = -0.20 to - 0.25 0C. It should be 0.0 - 0.1I-C.

H3_YR2:

"* T 4 DCP looks good. If anything. there might be an offset of -0.0.5C. which is too

cold.

"* For T1 = 7 - 10'C, AT = 0.0.5 to 0.2'C.

"* For Ti = 10 - 16'C. AT = 0.2 to 0.4'C.

"* For TI = 18°C. AT = +0.0 to 0.050 C

"* There are 2-3 spikes when T.4DCP was about 0.02'C or so colder than T1. Overall

however, this is a very reasonable record.

12-YR2:

* TADC'p looks good. If anything, the TADCP might be 0.1' C too warm.

* For T1 = 6 - 10' C. = 0.2°C.

* For TI = 10 - 160C. AT = 0.25 - 0.5 0C. and occasionally AT = 0.5 -0.7 C warmer.

* The T.ADCP is never colder than TI over the 500-point record (4 months).

In summary, these comparisons show that it is reasonable to use the ADCP temperatures

in the mooring motion correction of sites H3_YR2 and 12_YR2. However, extra precautions

should be taken when using the ADCP temperatures of sites H3_YR1 and H4_NR1. We did

not use either of these two records for the mooring motion corrections describeiin this report.
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Appendix B: Mooring Motion Correction Matlab Codes

There are two basic driver programs associated with the mooring motion correc-ion •cheme.

The first computes the canonical profile from a subset of the temperature and pressure data.

and the second uses the canonical profile to correct the temperature and ,olocitv data of a

current meter to the nominial depth. However because we classified the moorings as 'ither

northern and southern sites. we needed two distinct canonical profiles. Thus we created two

versions of each of the driver programs. one version for the northern sites and the other for the

southern sites. For the northern sites. the program synopbznorth.m computes the canonical

profile and mmcorn.m uses that profile to correct the temperature and velocit', data of a

single current meter on a given mooring The programs synopbzmid.m and mmcors.m are

the respective codes for the southern moorings.

The driver programs for determining the canonical profiles, synopbznorth.m and synop-

bzmid.m. each call three subroutines: (1) mcor.m performs the iteration to determine the

coefficients of the polynomial. (2) nlreg.m iterates to determine the reference pressure. (3)

errbzp.m calculates the polynomial and its derivative for each day.

The other two driver programs, mmcorn.m and mmcors.m, each call four subroutines:

(1) zest.m computes the daily reference pressure. (2) tempcor.m computes the corrected

temperature and estimates the associated error. (3) tprefer.m computes the error in the

reference pressure. and (4) velc.m computes the corrected velocity and estimates its error.

The error estimates depend on knowing the standard deviation envelope of the temperature

measurements about the canonical profile. For completeness, the code. tenv.m. which com-

putes the lookup table for the standard deviation envelope, is included in this appendix.
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Appendix C: Temperature versus Pressure Profiles
Measured temperatures are plotted against the pressure. P~ef - p. for each mooring. Level

I data are indicated by crosses, level 2 data by squares, and level 3 data by triangles. The

canonical profile is also shown for each site. The reference pressure, p,ef. was determined

by least-squares regression for all sites except two. For sites G2_YR2 and H4.RI. p,! was

obtained from the [ES data.
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Appendix D: Pseudo-IES and IES Z 12 Records

Time series of the depth 12*C isotherm as determined by the current meter moorings and

the IESs are presented.

The current meter reference pressure records. pef, have been scaled by a factor of 1.01

to convert the units from decibars into meters. We refer to these scaled data as *pseudo-IES"

records.

The actual IES observations are not shown in the following figures because the [ES and

current meter sites were separated by as much as 5 km. Instead, we interpolated objective

maps of the IES Z 12 fields to obtain time series of Z12 right at the current meter mooring

locations. These interpolated records are the ones presented here.

In the following figures, the IES data are shown by the dashed lines and the pseudo-IES

records by the solid lines. Due to IES instrument failures, either partial data or no data are

shown for the IESs at sites {2..YR1. I.YR1. 13.YR1. and I1.YR2. We did not deploy an IES at

the base of the mooring at site M13oYR2: thus no [ES data is shown for that site. Additionally,

no pseudo-IES data are shown for sites H4.YR1 and G2.YR2 because there was insufficient

current meter data to determine Pek.

For convenience, the Year 1 data are plotted from May 1988 to August 1989 and the Year

2 data for May 1989 to August 1990. Consequently there is an overlap of approximately three

months in these figures. Thus some of the current meter data (specifically, the four two-year

moorings ac sites H22, H6, Ii, and 15) are repeated during that time period. Except for the IES

sites noted above, the IES records are continuous throughout the two year period.
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Table 9. Statistics on PseudoIES Zi2 Data

Units of Zi 2 are meters. Dividing by these values by 1.01 converts thedepths into P.,! ;n
decibars. The values listed for sites H4_YRI and G2.YR2 are the statistics of the [ES. not
the pseudoJES. data because there were insufficient current meter measurements to obtain

PreL at those two sites. For sites H2_YR2, H6_YR2. 1-YR2, and 15_YR2. statistics are
reported on the two-year-long data records ( May 1988 to August 1990). For all other sites.
the statistics are on data records of appproximately one year in duration.

Site Min Max Mean Std

G2-YR1 102.03 658.24 355.73 158.41

G2-YR2 62.09 806.90 482.73 214.83

G3.YR1 250.68 852.07 682.56 111.56

G3-YR2 68.98 911.82 68.5.76 194.69

H2_YR2 -15.39 626.68 209.41 116.00

H3_YRL 22.84 536.79 172.96 77.96

H3.YR2 22.64 744.69 338.12 222.33

H4_YRI 101.29 790.25 435.49 180.21

H4.YR2 67.27 820.70 498.85 266.83

H5.YR1 113.03 867.69 663.24 220.22

H6.YR2 88.93 994.59 741.44 184.81

I1.YR2 6.71 644.99 206.34 123.83

I2-YR1 17.54 509.37 154.32 54.84

I2-YR2 16.70 744.86 326.04 216.70

I3-YRI 4-.61 702.68 326.02 174.87

[3.YR2 57.47 810.38 501.09 262.75

14.YRI -3.82 844.03 622.74 231.74

14.YR2 40.26 901.04 627.62 231.23

15.YR2 65.48 999.24 714.94 200.42

MI3YR2 84.21 897.59 623.16 230.91
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Appendix E: Comments on Mooring Motion Corrections

G2_YR1

"* Not used to determine either profile.

"* Corrected using northern profile.

"* Level 4 velocities were never used due to highly-energetic events.

G3_YRI

* Not used to determine either profile.

* Corrected with southern profile.

9 Special handling required to make sure all levels began at same time.

e Data gaps in level 1 velocities. Filled by extrapolation from levels 2 and 3.

H3-YRI

* Used to determine northern and southern profiles.

* Corrected using northern profile.

a Level 4 velocities were never used due to highly-energetic events.

* ADCP pressures used. However, level I current meter pressures were used to fill a data
gap at end of record. A bias of 6 db was subtracted from the current meter pressures

ore using them.

H4_YRI

"* Not used to determine either profile.

"* Corrected with southern profile.

"* ADCP pressures used instead of level I current meter pressures..

"* Only one working temperature sensor.

"* Used IES Z12 as Pe! after scaling from meters to decibars.

"* A comparison of the p1,l (determined from the current meter data for a short time period)
and the IES Z12 showed a 10 db bias between the two records. Since we used the [ES Z12
data for the mooring motion correction, we added 10 db to the ADCP pressures to make
the two data sets consistent.

"• Biases in the current meter pressures are the sources for the discrepancies between delpl2
of Table 5 and the observed" delta pressures in Tables 2 and 3.

H5.YR1

9 Not used to determine either profile.

s Corrected with southern profile.

12.YR1

"* Not used to determine either profile.

"* Corrected using northern profile.

"* Level 4 velocities were never used due to highly-energetic events,
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* ADCP failed. Used level I current meter pressures after removing the

* Special handling required to make ;iire all levPls began at •anie 'tme.

13-YR1

"* Used to determine northerit profile.

"* Corrected using northern profile.

"* Special handling to truncate level 1 to same length as levels 2 and 3.

I4_YR1

* Used to determine southern profile.

e Corrected with southern profile.

* Special handling to truncate level 3 to same length as levels I and 2.

G2_YR2

e Not used to determine either profile.

* Corrected with southern profile.

* Level 4 velocities were never used due to highly-energetic events.

* Only one working temperature sensor.

* Used IES Z12 as p,,f after scaling from meters to decibars.

G3_YR2

* Not used to determine either profile.

* Corrected with southern profile.

H2_YR1 and YR2

* Two-year long record

* Used to determine northern profile.

* Corrected with northern profile.

@ Level 4 velocities were never used due to highly-energetic events.

* Data gaps in level 1 velocities. Filled by extrapolation from levels 2 and 3.

H3_YR2

o Used to determine northern and southern profiles.

* Corrected using northern profile.

* ADCP pressure used.

* Level I current meter failed after a short period. ADCP temperatures and Bin I velocities
were used for the remaining time period.

e Level 4 velocities were never used due to highly-energetic events.

H4_YR2

* Not used to determine either profile.



* Corrected using northern profile.

* ADCP failed. Used the level I current eneter pressures after subtracting a,>db 1)a .
H6_YR1 and YR2

"a Two-year long record.

"* Not used to determine either profile.

"* Corrected with southern profile.

"• Very large excursion of .550 in used taken by mooring.

[I.YR1 and YR2
* Two-year long record.

* Used to determine northern profile.

o Corrected using northern profile.

* Special handling to truncate last data point of all levels except level 1. 0
* Level 4 velocities were never used due to highly-energetic events.

12.YR2
"* Used to determine northern profile.

"* Corrected using northern profile.

"* ADCP pressures used.

"* Level . current meter failed. Used ADCP temperatures and velocities instead.

"* Level 4 velocities were never used due to highly-energetic events.
I3.YR2

"* Not used to determine either profile.

"* Corrected with southern profile.

"* Level 2 temperatures get bad near the end of record. Use only the first 1230 data points
of this record.

"* Level I velocities failed after a short period. Thus corrected velocities at this level were
obtained by extrapolation from levels 2 and 3. The largest velocities were obtained for
this site (Table DL).

I4-YR2
"* Used to determine southern profile.

"* Corrected with southern profile.
IS_YR1 and YR2

e Two-year long record.

* Used to determine southern profile.

* Corrected with southern profile.

o Data gaps in level I velocities. Many gaps filled by extrapolation from levels 2 and 3.
Some periods were not filled because 'the mooring took large excursions.

M13.YR2
a Used to determine southern profile.

e Corrected with southern profile.

* Level I pressures were bal. Used level 2 pressures and adjusted delpl2 and delp13 ac-
cordingly (see Table 5).
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Appendix F: Mooring Motion Corrected Data

Plots of the mooring motion corrected temperature and velocities are shown for each moor-

ing. All data have been corrected to constanti depths of 40.J m, 700 m. and LOOG m. These data

have also been lowpassed using a 40-hr Butterworth filter.

The plots on each page are organized in the same manner. In the uppermost panel, corrected

temperatures at all three depth levels are shown. The corrected velocities are shown in the

bottom three panels, one for each of the pressure horizons. The soad tine in each panel shows

the u-component of velocity and the dashed line indicates the v-component. Some data gaps

are still evident in these figures.

The temperature and velocity records for each mooring are presented on two pages. The

first page shows the data for the Year 1 deployment period, May 1988 to August 1989. The

Year 2 data, May 1989 to August 1990. are shown on the second page. There is a three-month

overlap in these two figures; thus the corrected data at several sites are repeated in the two

figures.

The reference pressure. pef. at each mooring are not shown in this appendix. They are

shown in Appendix D together with the corresponding fES Z12 records.
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Table 10. Start and End Times of the Mooring Motion Corrected Data
The times are associated with the first and last points of the corrected temperature and
velocity data records for all three levels on each mooring. The sampling interval is 6 hours
and the record lengths are listed as the number of points.

Start Time End Time

Site Date Time (UT) Date Time (UT) Npts

G2.YR1 88-05-28 0000 89-06-03 1200 1487

G2.YR2 89-06-06 1800 90-08-24 1200 1776

G3.YR1 88-05-27 1800 89-05-27 1800 1461

G3.YR2 89-05-31 0000 90-08-24 0600 1802

H2.YR2 88-05-26 1800 90-08-10 0600 3223

H3.YR1 88-06-12 1800 89-05-31 1200 1412

H3.YR2 89-06-03 1800 90-08-14 1200 1748

H4.YR1 88-06-15 1800 89-06-05 06e- 1419

H4.-YR2 89-06-09 0000 90-08-18 1200 1743

H5.YRI 88-06-09 0000 89-06-14 1200 1483

H6.-YR2 88-05-23 1800 90-08-08 1200 3228

I1.YR2 88-05-26 0000 90-08-10 0600 3226

I2.YR1 88-06-10 1800 89-05-29 0600 1411

12-YR2 89-06-02 0000 90-08-16 0600 1762

[3-YRI 88-06-10 0600 89-07-01 0000 1544

I13YR2 89-08-26 0000 90-08-09 1200 1395

14.YR1 88-06-09 1800 89-06-28 1800 1537

I4.YR2 89-08-27 1800 90-08-15 1200 1412

15.YR2 88-05-24 1800 90-08-07 1200 3220

ML3.YR2 89-08-28 1800 90-08-17 1200 1416
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